ABSTRACT A formalism for membrane protein structure determination was developed. This method is based on steady-state FRET data and information about the position of the fluorescence maxima on site-directed fluorescent labeled proteins in combination with global data analysis utilizing simulation-based fitting. The methodology was applied to determine the structural properties of the N-terminal domain of the major coat protein from bacteriophage M13 reconstituted into unilamellar DOPC/ DOPG (4:1 mol/mol) vesicles. For our purpose, the cysteine mutants A7C, A9C, N12C, S13C, Q15C, A16C, S17C, and A18C in the N-terminal domain of this protein were produced and specifically labeled with the fluorescence probe AEDANS. The energy transfer data from the natural Trp-26 to AEDANS were analyzed assuming a two-helix protein model. Furthermore, the polarity Stokes shift of the AEDANS fluorescence maxima is taken into account. As a result the orientation and tilt of the N-terminal protein domain with respect to the bilayer interface were obtained, showing for the first time, to our knowledge, an overall a-helical protein conformation from amino acid residues 12-46, close to the protein conformation in the intact phage.
INTRODUCTION
M13 major coat protein is a small protein composed of 50 amino acid residues. The protein is involved in the membrane-bound assembly and disassembly of the phage M13 in the Escherichia coli host cytoplasmic membrane and has been the subject of several biophysical studies (for a recent review see (1) ). Generally it is believed that approximately half of the protein is located in the membrane, whereas the remaining N-terminal residues are sticking out of the membrane. Despite intensive studies, the topology of the coat protein in lipid bilayers is still a matter of debate. This is mainly due to biophysical inabilities to study the structure and dynamics of the N-terminal domain of the protein in detail. Models for the overall topology of the protein varied 90°from an L-shape to an I-shape (1) . This arises because the protein is a single membrane-spanning system that has no internal stability based on segment-segment interactions (1) . This means that there is no tertiary structure to hold the protein together. Also, recently it was suggested that the protein is strongly affected by the environment into which it is inserted, i.e., micelles, vesicles, liposomes, or oriented membranes (2) . These factors are most important for the N-terminal domain of the protein that emerges from the membrane.
To resolve this problem we have produced several cysteine mutants in the N-terminal domain of the protein and specifically labeled them with the fluorescence probe AEDANS. Analysis of the energy transfer data from the natural Trp-26 to AEDANS using a two-helix protein model and the application of the polarity Stokes shift of the AEDANS fluorescence maxima results in a low-resolution structure of the entire protein, including the tilt and orientation of the N-terminal domain with respect to the transmembrane domain.
EXPERIMENTAL METHODS

Sample preparation
Lipid bilayer systems were prepared from DOPC and DOPG lipids in a 4:1 molar ratio, denoted as DOPC/DOPG, as described before (3) . Site-specific cysteine mutants of M13 major coat protein were prepared, purified and labeled with AEDANS as described previously (4) . Wild-type protein and AEDANS-labeled M13 coat protein mutants were reconstituted into phospholipid bilayers as reported earlier (5) .
Protein titration experiments were carried out using the same protocol as described previously (3) . AEDANS-labeled cysteine mutants of M13 coat protein were used with the cysteine residue at positions 7 (A7C), 9 (A9C), 12 (N12C), 13 (S13C), 15 (Q15C), 16 (A16C), 17 (S17C), and 18 (A18C). Titration experiments were performed in which the wild-type protein concentration was increased whereas the mutant concentration was kept constant. The sample conditions for these titrations are given in Table 1 . The labeling efficiencies were determined as reported previously (6) and are given in Table 1 as well. The labeling efficiency is explicitly taken into account in Table 1 in the ratio of the number of unlabeled to labeled proteins (r ul ), as it affects the acceptor concentration and therefore the energy transfer efficiency.
For the fluorescence experiments, stock solutions of protein mutants and wild-type protein solubilized in cholate buffer were mixed with solutions of lipids in the same buffer, as described previously (5) . Repeated dialysis of the mixtures in cholate-free buffer was performed to remove the cholate in the sample. The lipid loss during dialysis can vary between 20-30% (3, 5) and is accounted for in the analysis of the experimental data.
Fluorescence experiments
Fluorescence emission and fluorescence excitation measurements were performed at 20°C as described elsewhere (2, 3) . The position of the AEDANS emission maximum was different for different labeled mutants because the Stokes shift of AEDANS fluorescence significantly depends on the local polarity of the environment of the label and thus on the distance between the label and the center of the lipid bilayer (7, 8) . The position of the AEDANS emission maxima was determined using a polynomial approximation of the top part of the emission peak as in (7) and given in Table 1. For fluorescence excitation measurements, the detection wavelength was set at the maximum of the acceptor (AEDANS) fluorescence of a particular mutant, and the excitation wavelength was scanned from 260 to 400 nm. The resulting AEDANS emission spectra for all mutants and examples of excitation spectra for mutant N12C are presented in Fig.1, A and B, respectively.
The energy transfer efficiency E (which is an average efficiency for all donors in the system and includes both intra-and intermolecular energy transfer) was calculated from the fluorescence intensities by 
where r ul is the ratio of the number of unlabeled to labeled proteins. The derivation of this equation is described in detail elsewhere (3) . For every sample the ratio of the fluorescence intensity at 290 nm, F 290 , (mainly donor excitation) to that at 340 nm, F 340 , (exclusively acceptor excitation) was calculated as a measure of the donor-to-acceptor energy transfer. The ratio F 290 /F 340 was corrected for direct excitation of AEDANS at 290 nm by subtracting the ratio of the extinction coefficients e 
METHODOLOGY Model for M13 major coat protein incorporated into a lipid bilayer
In this study we will extend our previous single-helix model for the M13 major coat protein (3) to a two-helix model. This model consists of two flexibly linked helical domains connected via a kink (Fig. 2) . One domain reflects the transmembrane protein part, and the other domain is the N-terminal protein part that is supposed to stick out of the membrane (1, 7, (9) (10) (11) . The conformation of each domain is assumed to be a perfect a-helix. The main axis of the protein O is parallel to the transmembrane protein domain and defines the z axis of the axes system of the protein. The orientation of the x axis is defined by the location of the C a of Trp-26 (donor), which is used as the reference amino acid residue. The complete set of structural parameters that determines the location and conformation of the protein is presented in Table 2 . The protein parameters related to position, orientation, and tilt of the transmembrane domain are taken from a previous study (3) . The parameter ranges given in Table 2 indicate the range of values considered in the simulations. It should be noted that the two-helix model could be easily generalized to other membrane proteins. Furthermore, a one-helix protein is a special case of the two-helix model with u ¼ v ¼ 0°.
The two-helix protein model is incorporated in a membrane as described before (3, 12) . A square region of a bilayer containing a certain number of randomly incorporated proteins (N P ) is considered. By using a three-dimensional mathematical description, protein molecules as shown in Fig. 2 are inserted randomly (both in location as well as in orientation) into the lipid bilayer so that the angle u between the normal membrane and their main axis O of the transmembrane domain is between 0°and 90°. The direction of the protein tilt is given by c. A value c ¼ 0 means that the protein is tilted toward the C a of the reference (n 0 ) amino acid residue. The depth of protein insertion is given by parameter d. It is assumed that when inserted into the membrane, the proteins occupy a cylindrical region in both bilayer leaflets with a protein exclusion distance D P . Within this region, no lipids or other proteins can be located. For this study the value of the protein-protein association probability k (3) is ;0 and can be neglected. Therefore, the distribution of proteins in the bilayer is considered as uniformly random.
FRET model and Fö rster distance
To analyze the experimental steady-state fluorescence data for our system, a steady-state FRET simulation is employed as described previously (3) . The simulation starts with the generation of the spatial model for the protein-lipid system. This model provides the coordinates of each donor and acceptor. Based on this information, the energy transfer efficiency E is calculated. Because of the stochastic nature of the spatial model, the resulting energy transfer efficiency FIGURE 1 (A) Emission spectra of M13 coat protein mutants A7C, A9C, N12C, S13C, Q15C, A16C, S17C, and A18C with AEDANS-labeled Cys in DOPC/DOPG vesicles after subtraction of the fluorescence of equimolar wild-type samples. The histogram shows the values of the acceptor emission maxima of the mutants. (B) Experimental excitation spectra obtained for mutant N12C at different titration points of wild-type proteins. The emission was detected at 496 nm. Labels 1-3 correspond to r ul values of 0.27, 2.16, and 5.63, respectively. The lipid/protein ratios r LP are 277, 111, and 53, respectively (see Table 1 ). The sample showing the highest peak at 290 nm (spectrum 3) has the highest protein density (lowest r LP ) and r ul . Although the efficiency of energy transfer ( Fig. 3 ) for this case is smallest, the overall energy absorbed by the donors in such a system, and therefore the transferred (intermolecular), is higher than for the other values of r LP and r ul (3). FIGURE 2 Schematic drawing of the two-helix protein model with a donor (Trp-26, solid circle, located at a distance l D from the protein helix axis) and acceptor (AEDANS, shaded circle, located at a distance l A from the protein helix axis) attached at positions 26 and 9, respectively, in its own protein axis system (x, y, z). The orientation of the x axis is defined by the location of Trp-26, which is used as the reference amino acid residue. The complete set of structural parameters that describes the protein-lipid system is presented in Table 2. contains stochastic deviations. Therefore, the simulations are executed several times (in our case, 50) to make the results statistically relevant. In the simulations the value of Förster distance R 0 was 24 Å (3).
To calculate the Förster distance, a value for the orientation factor k 2 ¼ 2/3 was used, assuming a random orientation and mobility of the transition dipoles of the donor and acceptor relative to each other. The orientation factor depends both on the orientation and reorientation speed of the acceptor and donor. This approximation is believed to be generally valid for proteins (13) and in particular for the Trp-AEDANS donor-acceptor pair (14) . In our case, this assumption is further supported by the fact that the Trp donor (15, 16) and AEDANS acceptor (17) have a high degree of motion. In addition, all our measurements were carried out at room temperature in a mobile lipid environment, well above the gel-to-liquid crystalline phase transition temperature of the lipids used (T M, DOPC ¼ -20°C and T M, DOPG ¼ -18°C) (2) . In fact, even in the case when one of the labels would be significantly limited in motion but another would be very mobile, the approximation of k 2 ¼ 2/3 is valid (2, 14, (18) (19) (20) . Another point in favor of our approximation is the varying direction of the absorption dipole of dansyl compounds. If this is the case for both the donor and acceptor, it causes an intrinsic averaging over k 2 for each donor-acceptor pair, even without rotation (21) . In our case AEDANS is fairly mobile, as judged from the experimentally observed steady state anisotropy, which ranges from 0.05 to 0.1 depending on its location in the bilayer (data not shown). Considering also the varying polarization of its absorption that overlaps with the tryptophan fluorescence, we believe the approximation of
Simulation-based fitting approach to experimental data analysis
As a measure of the goodness of the fit the following criterion was introduced:
where N is the number of data points, E e i the experimentally obtained energy transfer efficiency, and E s i the simulated energy transfer efficiency. To fit the modeled energy transfer -180-180°N-terminal helix tilt direction; the direction of the N-terminal helix with respect to the x axis of the protein axis system. v -180-180°N-terminal helix coaxial rotation; the turning angle of N-terminal helix around its main axis defining the direction of amino acid residues (toward water or lipid phase). The case v ¼ 0°corresponds to an ideal a-helix, bent at position n k by angle u.
In the simulations the parameters n k , u, v, j, and L are varied. Parameters n A , r LP and r ul are determined by the experiment; the other parameters are taken from previous work (3) and are fixed as shown in the table.
efficiencies to the experimental ones, the Nelder-Mead ''simplex'' method (22) was used. To increase the robustness of the method and the precision of the solution a global analysis approach was chosen, and therefore all experimental data were fitted simultaneously (23) . To deal with this stochastic nature of the error function x 2 and to avoid possible local minima, the fitting procedure was performed a number of times with different initial estimations of the fitting parameters (3).
Handling of Stokes shift information
The fluorescence emission of molecules in different solvents is significantly affected by the solvent polarity. The dependency of the fluorescence emission maximum and related Stoke shift with respect to the polarity of the local environment of AEDANS-labeled cysteine mutants of M13 major coat protein incorporated in lipid bilayers was discussed recently (7, 8) . Therefore, we decided to use the Stokes shift information as an additional filtering for the structures obtained after fitting of the FRET data.
Unfortunately, analytical expressions describing the behavior of the Stokes shift exist only for the internal hydrophobic part of lipid bilayers (7). However, a monotonic behavior of the polarity with respect to the absolute value of the z coordinate in a bilayer system is demonstrated (24, 25) . This result is probably related to the presence of motional averaging in the liquid crystalline phase (we are working with bilayer systems above the gel-to-liquid crystalline phase transition temperature). Possible effects of different polarity of neighboring amino acid residues can be neglected in our case because of the long link between AEDANS moiety center and the protein backbone. This monotonic behavior enables us to build qualitative rules characterizing the relative z coordinates for a polarity probe that can be applied for sites on the protein in the headgroup region of the membrane or in the water phase. For example, consider two mutants with AEDANS emission maxima at wavelengths l 1 and l 2 , and l 1 , l 2 . Consequently the relation for the z coordinates of the fluorescent labels jz 1 j , jz 2 j, is also true. This relation can be considered as a qualitative rule: ''the AEDANS position in the first mutant is closer to the membrane center then of the second mutant.'' Three types of qualitative relations were selected to describe the positions of AEDANS in various mutants, each associated with a characterizing number 2[-1, 0, 1]. These numbers can be combined into a matrix M, presenting the polarity rules for all mutants that are taken into account. The matrix elements M ij describe the relation between the depth of ith and jth mutant. Assuming constant data precision for all mutants and denoting the maximal spread in the determined l values as Dl, the value of element M ij is set according to the following scheme:
The resulting matrix is symmetric with zero diagonal elements.
To quantify the deviation between experimental relations and modeled ones, the following parameter is introduced:
where M ij * is the matrix element describing the relations obtained from the model of the protein for the ith and jth mutant.
In our approach, the value of d is used for an additional filtering of the results coming out from the simulation-based fittings.
All models were realized as C11 classes. The Borland C11 Builder 6.0 environment was used to combine the developed models, OpenGL visualization, and simulationbased fitting algorithms into a software tool called FRETsim. The C11 classes and software are available from the authors upon request.
RESULTS
Analysis of FRET data
We started the study of the protein structure with a simultaneous analysis of all eight data series, measured for AEDANS at positions 7, 9, 12, 13, 15, 16, 17, and 18. The best-achieved fit, characterized by x 2 ¼ 0.074 is presented in Fig. 3 by dotted lines. It can be seen that the simulation results for the acceptor at positions 7 and 9 clearly show a significant deviation between simulated and experimental data points. This deviation cannot be explained by small concentration inaccuracies in our sample preparation. Moreover, the high contribution of positions 7 and 9 to the x 2 value results in imperfections of the fit for positions 12-18, because the global optimization algorithm tries to decrease the large deviations for positions 7 and 9, rather than to precisely fit all data.
These high deviations lead to the conclusion that a rigid two-helix model cannot describe the protein structure around positions 7 and 9. Therefore, it was decided to exclude positions 7 and 9 from the final data analysis and concentrate our research on the data from acceptor positions 12-18. To deal with possible local minima and the stochastic nature of x 2 , the fitting was performed with different initial estimations for 500 times. The best fit is shown in Fig. 3 by solid lines. The exclusion of positions 7 and 9 leads to a significant decrease of x 2 ; the minimal x 2 value obtained now is 0.008, which is a factor of 10 smaller than for the previous case.
As in our previous study (3), we took into account only the best 20% of all solutions found with x 2 2[0.008, 0.022] and discarded solutions with x 2 2[0.022, 0.203]. This results in 100 solutions with a good fit to the FRET data (Fig. 4 A) .
Despite the high quality of the fit, a significant uncertainty remains in the angular parameters that describe the tilt and orientation of the N-terminal helix: u ¼15 613°, j ¼ -161 6 99°, and v ¼ 61 6 62°. However, the resulting lipid loss parameter L ¼ 0.20 6 0.04 is quite well defined. To reduce the uncertainty in the angular parameters found, we decided to use additional information coming from the positions of the acceptor fluorescence maxima. Therefore, a filtering of the solutions was performed based on the Stokes shift information (7).
Solution filtering using Stokes shift information
Applying the methods described in the section Handling of Stokes shift information to the experimental acceptor fluorescence maxima in Table 1 and the resulting protein structures, we were able to filter the solutions by discarding those that do not satisfy the d criterion (Eq. 4). For the resulting 100 solutions, the value of d varied between 1 and 20. We decided to take into account only solutions with d # 2, which was true for ;50% of the set of solutions (this corresponds to ;10% of the entire set of solutions); the other solutions were discarded. The final set of resulting structures is presented in Fig. 4 B.
The final set of resulting structures indicates a tilted protein. A kink is determined at position n k ¼ 20 6 2. However, the tilt angle of the two protein domains between amino acid residue position 10 and n k is small: u ¼ 5.0 6 4.7°. The filtering of the solutions also results in a strong decrease in the uncertainty of the other angular parameters: j ¼ -140 6 43°and v ¼ 42.1 6 10°. This result indicates that there is a small tilt u of the N-terminal helix with respect to the transmembrane domain. For such a small tilt, the N-terminal helix tilt direction j is not a sensitive parameter since it describes a small wobble of the N-terminal domain with respect to the transmembrane domain. For an ideal continuous a-helix from the transmembrane to the N-terminal domain, v would be 0°. The resulting value of v indicates a relatively small distortion of an overall helix at the kink position.
DISCUSSION
Despite intensive studies, the structure of the membranebound state of the M13 major coat protein is still unknown. This is largely due to the difficulty in determining the structure of the N-terminal protein domain. In the literature many types of structures are proposed: I-shape (2), L-shape (11), dynamic (26) , and banana-shape (4). One of the possible causes of such diversity is the difference in lipid environments. For example, in the solid-state NMR study of Marassi et al. (11) the proteins were inserted into dehydrated lipid bilayers. This can lead to squeezing of the proteins and may result in L-shape structures (2) . It could even be that this domain has no rigid structure and dynamically exchanges between several conformations (27) . Therefore, it is not surprising that in the literature there is no consistent view about the orientation and tilt of the N-terminal protein domain with respect to the bilayer interface.
In our study, FRET was applied to a range of AEDANSlabeled cysteine mutants covering the N-terminal domain of the protein with the goal to employ the FRET distance constraints to resolve its structure. We aimed at minimizing possible artifacts coming from unnatural environments (dehydrated bilayers, micelles) by working at relatively low-protein concentrations (high lipid/protein ratios) in large unilamellar vesicles. Under such conditions, the application of FRET is ideal since the technique has a high sensitivity. To analyze the FRET data, we extended our previous single helix model describing the transmembrane domain of M13 coat protein (3) to a model of two helical domains that are connected by a helix kink, i.e., the position of the amino acid residue from which the N-terminal helix starts. Furthermore, we took into account the polarity-dependent Stokes shift of the AEDANS fluorescence maximum by the application of ''fuzzy rules'' (Eq. 3) in our data analysis.
The N-terminal protein domain is dominated by the presence of negatively charged amino acid residues (Glu-2, Asp-4, and Asp-5), which will always try to extend into the aqueous phase and therefore act as a hydrophilic anchor (1). Furthermore, there is a Pro at position 6 (a helix breaker). Therefore, we limited our study to a range of site-directed AEDANS labels attached to the protein from positions 7-18. In this range, we decided to leave out positions 11 and 14, since in previous work it was found that these AEDANSlabeled mutants showed an anomalous behavior in the analysis of the fluorescence maximum (4). Taking into account the yield, quality and availability of mutants, this resulted in eight labeled positions: 7, 9, 12, 13, and 15-18. To discriminate between intramolecular energy transfer of acceptorlabeled proteins and intermolecular energy transfer, a titration with wild type proteins was performed (3). Intramolecular energy transfer efficiency is mainly sensitive to the distance between Trp-26 and the AEDANS label in one protein molecule whereas intermolecular efficiency is related to distances between planes, in which donors and acceptors are distributed in the membrane-protein system. Thus, by using FRET results from the titration experiments, we are able to get the structure and bilayer embedment of the protein. However, from intramolecular FRET only, the result would not be a single structure, but an infinite number of structures with equal intramolecular distances. This arises because in the case of our protein-lipid system setup, we have just a single donor position (Trp-26).
The structure of the protein is studied using a simulationbased fitting approach, which means adjusting all variable parameters of the model to fit the simulated data to experimental ones. To make our fitting analysis manageable, the parameters that describe the transmembrane helix are taken from our previous FRET study (3) , whereas only the parameters describing the kink position, tilt, and orientation of the N-terminal helix domain are varied in our simulations (i.e., n k , u, v, j, and L). From the spatial model of the membrane-protein system the coordinates of donors and acceptors are obtained and used to calculate energy transfer efficiencies. To make the analysis more stable we used a global analysis approach and fit all the data points using the same model (changing only experimental conditions, such as acceptor position n A , and concentration-dependent ratios r LP and r ul ). A validation of our approach is given in Appendix A, where several numerical tests are described and analyzed to determine the precision of the parameters determined. The results indicate that the method can easily distinguish between I and L-shape protein structures and allows a precise determination of L, n k , and u.
Interestingly, in the global analysis of the complete experimental data set, it is found that in our DOPC/DOPG vesicles positions 7 and 9 show a large deviation, indicating that these positions do not fit to the two-helix model. Because all other points for mutants 12-18 are fitting, this strongly suggests that these positions are located in a part of the protein for which the proposed structural model of two helices is not correct. This is consistent with a recent sitedirected spin labeling study of M13 coat protein in phospholipid bilayers with increasing acyl chain length (28) . In this study,the N-terminal domain contains 7 unstructured amino acid residues in 22:1PC and 14 residues in 14:1PC. Therefore, it is reasonable to assume that position 7 and 9 are in a flexible or unstructured part of the N-terminal protein domain, for which the rigid helix model does not apply. Consequently, our final analysis was based on a global analysis, excluding positions 7 and 9 since fitting data with a wrong model will only worsen the overall result. Clearly, the exclusion of these positions results in a dramatic reduction of the value of x 2 , suggesting that for the remaining amino acid residues M13 coat protein is well described by a rigid twohelix model.
To support the idea that positions 7 and 9 arise from an unstructured protein domain, some additional calculations were performed. The model of the protein was enhanced by implementation of an unstructured domain for positions 1-10. The program randomly simulates the angles between the C a connections, keeping the C a -C a distances constant and throwing away clashing conformations. As a result, instead of a fixed location of the acceptor attached to positions 7 or 9, a ''cloud'' of possible acceptor locations is obtained. To demonstrate this effect, the simulated data were recalculated for acceptor positions 7 and 9 using the new structural model and the previously determined orientation of two helices. The new results for mutants A7C and A9C are presented in Fig. 5 . Clearly, a strong improvement of the fit is observed in favor of the unstructured protein model.
To enhance the quality of the resulting angular parameters u, v, and j, we used an additional filtering criterion d, based on the polarity shift of the AEDANS fluorescence maxima. By applying the ''fuzzy rules'' polarity criterion given in Eq. 3, we assume that from two AEDANS labels the furthest to the bilayer center is the one that has a more red-shifted fluorescence (larger Stokes shift). The application of this criterion allows us to discard roughly half of the solutions and to more precisely determine the average tilt angle of the N-terminus. This can be seen by comparing Fig. 4, A and B , where the two a-helical domains of the protein are indicated with solid lines, and the proposed ''unstructured'' region between amino acid residues 1-9 is drawn as a gray cloud. The best fitting (in terms of both FRET and Stokes shift) structures for M13 coat protein embedded in DOPC/DOPG vesicles are collected in Fig. 4 B. Overall, the protein is in a tilted a-helical state (by 18°w ith respect to the normal to the membrane) from positions 12 to 46 (i.e., the labeled mutants that we investigated here and in (7)), supporting a previous FRET analysis that was based on validating existing protein structures (2) . The small kink around position 20 could indicate that the protein has a slightly weakened region in the helix here. This region is related to the previously called ''hinge region'' around amino acid residue 20 found in micellar systems (26) . This position is close to the interface between the acyl chains of the phospholipids and the headgroup region (see Fig. 4 ). It should be reminded that in our two-helix protein model the simplest way of connection of the two helical domains is via a common point that is called a ''kink'' (Fig. 2) . It is likely, however, that if the actual protein structure will show a smooth protein bend, the kink will denote the point of maximal curvature of the structure. The N-terminal a-helix starts at a position around amino acid residue 10. It is interesting to note that this position marks the interface between the headgroups of the lipids and the water phase, and reflects the end of the unstructured N-terminal hydrophilic anchor (28) that is emerging from the headgroup region into the water phase (see Fig. 4 ).
In summary, our FRET work resolves the problem of the tilt and orientation of the N-terminal domain of M13 coat protein in the membrane-bound state and shows that, except for the N-terminal hydrophilic anchor, the protein conformation is almost a straight helix. It is for the first time that site-directed FRET emerges into such a detailed molecular model for a membrane-embedded protein. Overall the resulting membrane-embedded M13 coat protein structure does not differ much from the native a-helical structure of the protein in bacteriophage M13 (29) . This finding may be important for the membrane-bound phage assembly since it could allow a fast and efficient incorporation of the protein into the bacteriophage with a low-energy cost. Probably the overall tilt of the protein of 18°is related to an efficient anchoring and integration of the protein in the membrane (1) . Now that the structure of the coat protein in a membrane becomes evident, future questions about the membrane-bound phage assembly should address the dissociation of the coat protein from the membrane, i.e., studying the process of lifting the membrane anchors (1) . FRET may be an excellent tool in monitoring the molecular details of such a process.
APPENDIX: SENSITIVITY OF THE MODEL PARAMETERS AND NOISE STABILITY
To determine the sensitivity to the model parameters and the noise stability, the following procedure was employed. For each of the two published structures of M13 major coat protein, I-shape (2) and L-shape (11), artificial FRET data were generated by our model and then used instead of experimental data in the simulation-based fitting algorithm. Because of the stochastic behavior of the x 2 function the fitting algorithm provides a distribution of solutions for the global minima. The spread of a parameter in this cluster of solutions allows characterizing its sensitivity. To study the experimental noise effects on the parameter distribution, the same operation was performed on data containing artificial noise, similar as is described in our previous work (3). The standard deviation of the noise varies for each data point (see error bars in Fig. 3) .
The results of the numerical tests are given in Table 3 . For an ideal a-helix the algorithm was able to determine the precise structure for the considered range of amino acid residues (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) . For all solutions in the ''elite'' set (20% of solutions with smallest x 2 ) n k , 12, which means that an ideal helix was found for positions 12-26. The introduction of noise to the artificial data did not change this tendency. For an L-shape protein structure the parameters L, n k , and u were determined quite well, although the noise in the artificial data increased the uncertainty for almost all parameters. The angular parameters v and, especially j, showed a rather high spread. However, the mean values of the parameters found still were close to the initial values.
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